Visceral obesity has been defined as an important element of the metabolic syndrome and contributes to the development of insulin resistance and cardiovascular disease. Increasing endogenous levels of epoxyeicosatrienoic acids (EETs) are known for their analgesic, antihypertensive, and antiinflammatory effects. The availability of EETs is limited primarily by the soluble epoxide hydrolase (sEH, EPHX2), which metabolizes EETs to their less active diols. In this study, we tested the hypothesis that EETs are involved in glucose regulation and in retarding the development of insulin resistance. To address the role of EETs in regulating glucose homeostasis and insulin signaling, we used mice with targeted gene deletion of sEH (Ephx2-null mice) and a subsequent study with a selective sEH inhibitor. When wild-type mice are fed a high fat diet, insulin resistance develops. However, knockout or inhibition of sEH activity resulted in a significant decrease in plasma glucose. These findings are characterized by enhancement of tyrosyl phosphorylation of the insulin receptor, insulin receptor substrate 1, and their downstream cascade. In addition, pancreatic islets were larger when sEH was disrupted. This effect was associated with an increase in vasculature. These observations were supported by pharmacological inhibition of sEH. These data suggest that an increase in EETs due to sEH-gene knockout leads to an increase in the size of islets and improved insulin signaling and sensitivity.
Visceral obesity has been defined as an important element of the metabolic syndrome and contributes to the development of insulin resistance and cardiovascular disease. Increasing endogenous levels of epoxyeicosatrienoic acids (EETs) are known for their analgesic, antihypertensive, and antiinflammatory effects. The availability of EETs is limited primarily by the soluble epoxide hydrolase (sEH, EPHX2), which metabolizes EETs to their less active diols. In this study, we tested the hypothesis that EETs are involved in glucose regulation and in retarding the development of insulin resistance. To address the role of EETs in regulating glucose homeostasis and insulin signaling, we used mice with targeted gene deletion of sEH (Ephx2-null mice) and a subsequent study with a selective sEH inhibitor. When wild-type mice are fed a high fat diet, insulin resistance develops. However, knockout or inhibition of sEH activity resulted in a significant decrease in plasma glucose. These findings are characterized by enhancement of tyrosyl phosphorylation of the insulin receptor, insulin receptor substrate 1, and their downstream cascade. In addition, pancreatic islets were larger when sEH was disrupted. This effect was associated with an increase in vasculature. These observations were supported by pharmacological inhibition of sEH. These data suggest that an increase in EETs due to sEH-gene knockout leads to an increase in the size of islets and improved insulin signaling and sensitivity. type 2 diabetes | pancreas | arachidonic acid pathway O besity is an increasingly important public health issue (1) . Obese individuals exhibit a higher risk of chronic diseases including cardiovascular disease and type 2 diabetes. The latter is a complex, polygenic disease wherein a number of tissues are rendered insulin resistant (2) . Insulin action is mediated by a complex network of signaling events that modulate glucose homeostasis (3) . A fundamental mechanism for the maintenance of glucose homeostasis is the rapid action of insulin to stimulate glucose uptake and metabolism in peripheral tissues. This cascade is initiated by binding of insulin to its cell surface receptor, followed by receptor autophosphorylation, which results in tyrosine phosphorylation of insulin receptor substrates (IRSs) and downstream signaling molecules (4, 5) . The mechanism underlying insulin resistance in type 2 diabetes contains many signaling players (6, 7) , and results from pancreatic β-cell insufficiency with impairment of glucose-stimulated insulin secretion (8) and impaired insulin receptor signaling (9) .
Epoxyeicosanoids or EETs are thought to be one of multiple classes of chemical mediators which influence insulin production and sensitivity. EET regioisomers (5,6-, 8,9-, 11,12-, and 14,15-EET) are formed from arachidonic acid by epoxidation by cytochrome P450 monoxygenases (10) . EETs mediate endothelium-dependent vasodilation, promote angiogenesis, are antiinflammatory, and have analgesic properties (11) (12) (13) . The soluble epoxide hydrolase (sEH) adds water to epoxides forming 1,2-diols. In the case of EETs it forms dihydroxy eicosanoids or DHETs (14) . For most biological endpoints so far investigated, EETs are more biologically active than the corresponding DHETs. Also DHETs are rapidly conjugated and excreted (15) . Polymorphism of the sEH gene is associated with insulin resistance (16) . Thus mice deleted of the sEH gene or treated with inhibitors of the sEH (sEHI) are valuable probes for testing if EETs are involved in insulin sensitivity and glucose regulation.
In addition to their salutary effects in the vasculature, EETs might have beneficial effects on lipid metabolism and insulin sensitivity. For example, sEH protein and message levels are up regulated in the epididymal fat pad from mice that received a high fat diet (HFD) (17) . In addition, cytochrome P450 2C (CYP2C) expression is decreased and sEH expression is increased in obese Zucker rats, a commonly used animal model of obesity and insulin resistance (18) . In a type 1 diabetes model, genetic and pharmacological inhibition of sEH results in increased insulin secretion and attenuation of hyperglycemia (18) . sEH inhibition is a well established approach in cardiovascular, renal, and inflammatory diseases in murine models, but its contribution in type 2 diabetes mellitus remains to be established. This study was designed to investigate the roles of EETs in insulin resistance and glucose regulation by modulating the activity of sEH with genetic and pharmacological tools.
Results

Whole-Body Soluble Epoxide Hydrolase Deletion and Inhibition in
Mice. To investigate the role of sEH in regulating glucose homeostasis, we assessed the physiological effects of its removal. Disruption of sEH was achieved through the use of whole-body knockout (KO, Ephx2-null) mice (19, 20) and pharmacological inhibition using a selective sEH inhibitor (21) . A PCR product of 290 bp indicates the Ephx2 sequence that distinguished wild type (WT) from KO mice (band of 560 bp represents the sequence of neomycin gene) (Fig. 1A) . Immunoblot analysis was used to determine the efficiency of sEH deletion in different tissues including those that are insulin-responsive (Fig. 1B) . sEH protein was expressed in all examined tissue extracts of WT mice, and was absent in KO mice indicating efficient deletion of the gene ( Fig. 1B) . As expected, treatment of WT mice with a sEHI did not alter sEH expression (Fig. 1B) .
sEH contains both the epoxide hydrolase and phosphatase domains. To ensure that effects are attributed to the epoxide hydrolase domain, we used a selective epoxide hydrolase inhibitor. Pharmacological inhibition was achieved by treating animals with selective sEH inhibitor (TUPS). This compound is an effective inhibitor of sEH (IC 50 of 5 and 3 nM for murine and human sEH, respectively) (22, 23) . The concentration of TUPS in blood and tissue extracts was determined at the end of the study. TUPS concentrations in blood ranged between 800-1;000 ng∕mL (2-3 μM TUPS) (Fig. 1C) . These levels are significantly higher than the IC 50 concentration determined with in vitro experiments using the recombinant murine sEH enzyme (21, 24) . Additionally, liver, epididymal fat, and pancreas extracts revealed elevated levels of TUPS, with liver homogenates exhibiting the highest concentrations (45 μg∕g tissue or 0.12 μmol∕g tissue) compared with epididymal fat and pancreas [3 and 10 μg∕g tissues, or 0.01 and 0.026 μmol∕g tissue, respectively (Fig. 1D) ]. These blood and tissue levels of sEHI increase epoxy-fatty acid to diol ratios in both plasma and tissue (22) . Taken together, these findings indicate that KO mice exhibit efficient gene deletion and indicate that the sEH inhibitor is distributed to tissues.
Effects of sEH Gene Deletion and Inhibition on Body Mass and Adiposity. To study the role of sEH in body mass regulation, WT, KO, and sEHI-treated WT mice were fed regular chow or HFD, and body weights and food intake were measured weekly. As expected, mice on a HFD gained significantly more weight than their counterparts on chow diet but no differences were observed among genotypes on HFD (Fig. 2) . However, mice treated with sEHI gained significantly more weight than their counterparts on chow diet ( Fig. 2A, Fig. S1 ). Consistent with the increased body weight in mice on HFD, adiposity was comparably increased (Fig. S2) . In addition, H and E staining of tissues from mice on chow and HFD did not reveal any pathological effects of sEH deletion or inhibition (Fig. S3 ).
Improved Insulin Sensitivity and Glucose Tolerance Mice with Ephx2
Deletion and sEH Inhibition. Several metabolic parameters were assayed in KO, WT, and sEHI-treated WT mice on chow and a HFD (Table 1) . These parameters were analyzed in both fasted and fed conditions. Despite their similar body weights and adiposity, fasted glucose levels in KO mice on a HFD were lower than those of WTand sEHI-treated mice (Table 1) . When animals were fed, glucose levels on HFD were lower only when sEH was inhibited with TUPS, while on chow diet, glucose levels were comparable (Table 1) . Consistent with this observation, sEHItreated and KO mice exhibited lower levels of serum insulin levels on HFD compared with WT mice (Table 1) . On chow diet, only KO mice showed lower levels of serum insulin (Table 1 fed conditions). When the ratio of insulin to glucose was calculated, KO mice either on chow or a HFD exhibited lower insulin to glucose ratios compared with WT counterparts, suggesting improved insulin sensitivity. sEHI-treated WT mice exhibited lower glucose levels, serum insulin levels, and insulin to glucose ratios only when they were not fasting and on HFD (Table 1) . It is suggested that the increased weight in this group (Fig. 1A ) masks differences in these parameters. In addition, several other parameters of whole-body homeostasis were measured. As expected, mice on HFD exhibited higher plasma leptin levels compared with those on chow diet. In line with their increased body weight on chow, sEHI-treated mice exhibited significantly higher levels of leptin compared with WT mice (Table 1) . Leptin is critically involved in the regulation of body energy balance via its central actions on food intake and energy expenditure, and the effect of eicosanoids on leptin warrants further investigation. No significant alterations in adiponectin, an insulin-sensitizing adipokine (25) were observed. Finally, no significant differences were seen in triglyceride levels in mice fed HFD. However, when mice were on chow diet, inhibition of sEH tends to increase serum levels of triglycerides (Table 1 , fed conditions).
To directly assess glucose responsiveness to insulin, mice were further subjected to insulin tolerance tests (ITTs) at two ( Fig. S4 A and B ) and 5 mo (Fig. 3 A and B) of age. While no differences in glucose levels following insulin injection were observed when mice were fed chow diet (Fig. 3A) , significant differences were observed when sEH was disrupted on HFD at 2 and 5 mo. (Fig. S4B, Fig. 3B ). On HFD, basal glucose levels were lower in KO and sEHI-treated mice compared with WT mice (Fig. 3B) . Following insulin injection, KO and sEHI-treated WT mice exhibited significantly greater reduction in blood glucose compared with WT mice (Fig. 3B) . Glucose levels were lower and significantly different in KO and sEHI-treated WT mice during the first 30 min, compared with WT-HFD mice (Fig. 3B) . During the following 45-120 min, glucose levels tended to be lower in KO and sEHI-treated mice compared with WT but did not reach statistical significance (Fig. 3B) . These findings were reproduced in another independent cohort of WT and KO mice on chow or HFD for three months (Fig. S4E) . In addition to their improved responsiveness to insulin, KO and sEHI-treated mice exhibited improved ability to clear glucose from the peripheral circulation during an intraperitoneal (i.p.) glucose tolerance test when fed HFD for 2 mo (Fig. S4D) . In contrast to ITTwhere mice were fasted for only 4 h, in glucose tolerance test (GTT) mice were fasted over night, hence the lower basal glucose levels ( Fig. 3  C and D, Fig. S4 C and D) . In this case, glucose was injected and the clearance rate was measured over 120 min. Faster glucose clearance from blood was observed in KO and sEHI-treated mice compared with WT mice fed HFD for 2 mo (Fig. S4D) . Calculated area under the curve in KO and sEHI-treated mice was significantly lower than WT mice (44;300 AE 1;100 mg∕dL Ã min, 45;300 AE 2;100, and 54;400 AE 3;900 mg∕dL Ã min, respectively) (Fig. S4D) . Supporting data from another cohort study with WT and KO mice are shown in Fig. S4F . Over 5 mo of treatment, sEHI-treated mice failed to show improved glucose tolerance on HFD (Fig. 3D) , while KO mice exhibited enhanced glucose tolerance on both chow and HFDs (Fig. 3 C and D) . As shown in Fig. 3C , plasma glucose clearance is faster in KO mice on chow diet compared with WT and sEHI-treated mice.
To test whether the difference observed in GTT was caused by alterations in insulin levels, serum insulin concentrations were measured at 0, 15, and 30 min during GTTs. Plasma glucose levels were lower in KO and sEHI-treated mice on chow compared with WT mice, and on HFD only KO mice exhibited lower glucose levels ( Table 2) . After glucose administration, KO mice on chow and HFD exhibited a trend for increased insulin concentrations at 15 min, although that did not reach statistical significance. By 30 min, KO mice on chow exhibited higher insulin concentrations compared with WT mice (Table 2) . Taken together, our findings demonstrate that sEH deficiency or inhibition directly improves systemic glucose homeostasis.
Effect of sEH Deletion and Inhibition on Pancreatic Islet Size and
Vascularization. To better understand the mechanism underlying enhanced glucose-stimulated insulin secretion in KO mice on HFD, pancreas sections were stained for both sEH and insulin, and the size of the islets was determined. As previously reported (18) , sEH staining is clearly seen throughout the pancreatic islets of WT mice, and absent from the KO mice (Fig. S5) . Pancreatic sections from WT, KO, and sEHI-treated mice on chow and HFD were stained for insulin and islet size was determined (Fig. 4 A-C) . On chow diet, KO mice exhibited increased islet size compared with WT. As expected, high fat feeding increased islet size in all groups and led to significantly increased islet size in KO and sEHI-treated mice compared with WT mice (Fig. 4C) . In 3 . Reduction of sEH activity prevents diet-induced insulin resistance and sEH-disruption improves glucose tolerance. ITT and GTT were performed on WT, Ephx2-null (KO) mice, and sEHI-treated WT male mice (n ¼ 4) fed either chow diet (A, C) or HFD (B, D) for five months. (A and B) , insulin tolerance test performed by injecting insulin (1 mU∕g) i.p. to mice that were fasted four hours prior to ITT. At indicated times, blood samples (n ¼ 3) were taken from each animal and glucose was measured using glucometer. (C and D) , glucose tolerance test performed by injecting glucose (2 mg∕g of body mass) i.p. to mice that were fasted 16 h prior to GTT. At indicated times, blood samples (n ¼ 3) were taken from each animal and glucose was measured using glucometer. Note lower blood glucose levels in both WT with TUPS and KO mice fed HFD at zero time. Values are mean AE SEM (t-test) of n ¼ 4. *P ≤ 0.05, **P ≤ 0.01 WT vs. WT + sEHI; #P ≤ 0.05, ##P ≤ 0.01, WT vs. KO; and P ≤ 0.05, && P ≤ 0.01 WT + sEHI vs. KO on either diets. All glucose measurements were preformed within the linear range of the Glucometer, and these studies were repeated on younger cohort of mice where the highest blood glucose levels were below 600 mg∕dL (Fig. S4 D and F) .
addition, we stained pancreas sections for endothelial cells, using CD31 staining as a marker (Fig. 4D) . Vascular density, as indicated by the CD31-labeled area in the endocrine pancreas appeared to be enhanced particularly in the KO mice on HFD, and marginally enhanced in sEHI-treated WT mice (Fig. 4D) . Because VEGF is essential in the regulation of capillary network formation, these data suggest a link among elevated EETs, VEGF, and vascularization and warrants additional investigation.
Increased Insulin Signaling in Liver and Adipose of Mice with Reduced
sEH. To investigate the molecular basis for enhanced insulin sensitivity in KO and sEHI-treated mice, we injected mice with insulin or saline (control), and the activation status of components in the insulin signaling pathway was examined in extracts of both liver (Fig. 5 ) and epididymal adipose (Fig. S6) after HFD. Insulin receptor (IR) immunoprecipitation in the liver and adipose tissue revealed enhanced insulin-induced IR tyrosyl phosphorylation (Y1162/Y1163) in KO and sEHI-treated mice compared with WT mice (Fig. 5 A and B, Fig. S6 A and B) . Interestingly, the IR was basally hyperphosphorylated in liver extracts of KO mice ( Fig. 5 A and B, at time 0' ). Insulin receptor substrate-1 (IRS-1) basal tyrosyl phosphorylation was higher in KO and sEHI-treated mice compared with WT mice (Fig. 5 C and D) . Similarly, IRS-1 tyrosyl phosphorylation (Y608; PI3K binding site) exhibited a comparable pattern but did not reach statistical significance (Fig. 5 C and E) . Moreover, basal and insulin-induced association between p85 subunit of PI3K and IRS-1 was enhanced in KO and sEHI-treated mice compared with WT mice (Fig. 5 C and F) . Consistent with the increased IRS-1 tyrosyl phosphorylation and PI3K binding, insulin stimulated downstream pathway, Akt phosphorylation (Ser473) and MAPK were also enhanced in KO mice and mice treated with TUPS in both tissue homogenates (Fig. 5 G-J, Fig. S6 G-J) .
Discussion
The present study shows that Ephx2 gene deletion is sufficient to attenuate development of apparent insulin resistance in a murine-model of type 2 diabetes induced by obesity. Loss of sEH activity and the associated stabilization of EETs enhanced insulin-sensitizing actions, increased insulin receptor signaling, and stabilized serum glucose levels. These observations were also supported by pharmacological inhibition of epoxide hydrolase activity. Thus, data from the use of the genetic and pharmacological probe suggest a role for EETs in insulin signaling and glucose homeostasis.
With regard to insulin resistance and metabolic syndrome, reduced sEH activity and the resulting increase in EETs were reported to have a beneficial effect on insulin sensitivity in a diabetes type 1 model (18) . It has been reported that cytochrome P450 (CYP 2J,C) expression is decreased and sEH expression is increased in mesenteric arteries of obese Zucker rats (26) . On the other hand, streptozotocin-induced diabetic mice have lower sEH expression in liver and kidney, possibly as a result of increase in reactive oxygen species (27) . Although this observation suggests a link between bioavailability of EETs and development of metabolic syndrome, the roles of sEH in diabetes are still unclear. The level of expression and the distribution pattern of sEH and CYP450 epoxygenases in any particular tissue may alter the availability of EETs. sEH is ubiquitously expressed including the pancreas, muscle, and adipose. Particularly, sEH is locally expressed in pancreatic islets (18) . sEH also regulates adipogenesis and its expression levels are up regulated in response to HFD (17) . These observations suggest a direct link between sEH and glucose homeostasis.
In order to clarify the roles of sEH in glucose homeostasis, we used genetically disrupted Ephx2-null mice (KO), which have no expression of either the epoxide hydrolase or phosphatase domain. We also used pharmacological inhibition of sEH by using a selective sEH inhibitor, TUPS. TUPS is a potent sEHI in vitro, and has no apparent effect on the phosphatase activity of the protein. Thus, we used TUPS to test the hypothesis that the effects observed with Ephx2-null mice in the diabetes model were largely due to the absence of the epoxide hydrolase activity. Because this sEHI has high bioavailability and a long half life (21) , the high doses used resulted in high blood and tissue levels of TUPS generating a chemical knockout. Previous studies showed that plasma levels of EETs are elevated in the presence of TUPS and in KO mice (22) . In spite of the high doses of TUPS, no adverse effects were seen in the pathological analysis of various organs. We provide evidence that both KO and sEHItreated mice store similar amounts of fat compared with WT mice when provided a hypercaloric diet. As expected from the diet, the high levels of fat dramatically changed organ responses to insulin.
Despite the absence of differences in body weight and/or adiposity in mice fed a HFD, disruption of Ephx2 led to marked improvements in whole-body glucose homeostasis, indicating that these are primary effects. Basal plasma glucose levels were lower in KO and sEHI-treated mice compared with WT mice. The rate of glucose reduction with insulin injection does not appear different. However, the lower basal levels of plasma glucose can indicate increased insulin production and/or higher insulin signaling. The data from this study suggest that disrupting the Ephx2 gene or inhibiting its EH activity leads to improved systemic insulin sensitivity and enhanced glucose tolerance. Improved glucose tolerance was seen two but not 5 mo post TUPS treatment. While in the KO mice improved glucose tolerance was consistent throughout the study, suggesting an adaptation to TUPS treatment or some other genetic alteration in the KO mice could be involved.
Glucose homeostasis is maintained by a complex network of signaling events in different cell types and organs including the liver and adipose tissue. Adipocytes can regulate whole-body glucose homeostasis either by the release of insulin-sensitizing adipose-derived hormones (adipokines) or through sequestering excess fatty acids and triglycerides (28, 29) or by decreased responsiveness of insulin receptors and downstream signaling in insulin-responsive tissues (2, 30, 31) . Our study revealed that sEH deficiency and inhibition improved insulin signaling in animals on HFD. Biochemical data from liver and adipose tissue of KO and sEHI-treated mice on HFD indicate enhanced insulin signaling in these tissues. Indeed, KO and sEHI-treated mice exhibited increased IR tyrosyl phosphorylation compared with controls. In addition, IRS-1 tyrosyl phosphorylation (32) and PI3K association with IRS-1 were increased in KO and sEHI-treated mice. Moreover, these mice exhibited enhanced insulin-induced Akt and ERK activation. Together, our data suggest that the increased insulin sensitivity of KO and sEHI-treated mice is due, at least in large part, to enhanced insulin signaling in the liver and adipose tissue.
Multiple studies show that sEH inhibition and the resulting increase in EETs exert beneficial vascular and antiinflammatory effects (13, 33) . Although diet-induced obesity is defined as a sub inflammatory disease (34-36), we did not observe significant alterations to inflammatory mediators upon sEH deficiency compared with controls. In a different model of insulin resistance due to heme oxygenase 2 gene disruption, the addition of EETs with sEHI caused a marked improvement in all metabolic parameters including inflammatory mediators (37) . Another observation from this study is the increase in the size of pancreatic islets and the associated vasculature in both KO and sEHI-treated WT mice. The compensatory response of pancreatic islets to insulin resistance is a recognized feature in obesity and type 2 diabetes. However, the signals and proteins that mediate this important adaptive response are poorly understood (38) . Pancreatic islets can respond in vivo to peripheral insulin resistance by increasing their mass through hyperplasia and increased insulin secretion. Furthermore, endothelial cells can affect the ability of pancreatic islets to grow in size when demands for insulin increase (39, 40) . A previous study with sEH-null mice in a type 1 diabetes model suggests an increase insulin secretion via reduced apoptotic cell death in islets (18) , and the link between CYP2C-derived EETs, VEGF, and endothelial proliferation (41, 42) can also contribute to the large islet size in KO and sEHI-treated mice that were observed in this study.
Previous studies show that disruption of the Ephx2 gene as well as inhibition of sEH activity by selective inhibitors result in a significant shift of the epoxy-fatty acid to diol ratio (18, 22, 23) . Physiological and biochemical insulin signaling data support our conclusion that decreasing sEH and thus increasing plasma levels of EETs provide beneficial effects on glucose regulation possibly through modulating insulin sensitivity.
Materials and Methods
Mouse Studies. Mice with targeted disruption in exon 1 of the Ephx2 gene (19) , were back-crossed onto a C57BL6 (Jackson Laboratories) genetic background an additional ten generations prior to use in this study (20, 43) . Mice were placed either on standard chow diet or a HFD (SI Text). WT mice were treated with selective sEH inhibitor TUPS 10 mg∕L in drinking water (23, 44) . 608 and IRS1 antibodies. IRS1 immunoprecipitates were probed using antibodies against the p85 subunit of PI3K. Liver lysates were immunoblotted using anti-Akt Ser473 (G), and anti-MAPK (Thr202/Tyr204) (I) antibodies. Immunoblots were quantified and bar graphs represent pooled, normalized data (arbitrary units) for KO (n ¼ 4) and WT (n ¼ 4) mice (B, D-F, H, and J). Statistical analysis was performed using one-way ANOVA followed by post hoc Tukey's honestly significant difference (HSD) test. * indicates significant difference (P ≤ 0.05) between WT vs. KO and sEHI-treated mice at 0 or 10 min, while # indicates significant difference within each genotype before and after insulin stimulation.
